Abstract-Radiation characteristics of a probe-excited rectangular ring antenna are investigated by using the dyadic Green's function approach. The radiation characteristics, such as radiation pattern, beam-peak direction, half-power beamwidth and directivity, are analyzed. For the specified operating frequency, the ring width and ring height are selected as the same cross-sectional dimension of rectangular waveguide operated at the dominant mode. The effects of the excited probe and rectangular ring to the modal distributions are described. For the desired modal distribution, the directivity primarily depends on the ring lengths. For compact size of the proposed antenna, the ring length of 0.4λ is chosen to provide a bidirectional pattern with the calculated half-power beamwidth in E-plane and H-plane of 100 and 69 degrees respectively, and directivity of 4.43 dBi. Furthermore, the prototype antenna was fabricated and measured. The coincided results between the theory and the experiment are obtained.
INTRODUCTION
Recently, the wireless communications become essential in human activity [1] [2] [3] [4] [5] . Therefore, the demand for using a mobile telephone in anywhere is necessary. Generally, the base station antennas in microcellular system for the urban areas are located lower than the surrounded buildings along the streets and located in the underground areas. So, the communicable cell is formed along the street. Therefore, for a base station antenna, a bidirectional antenna is more suitable for the street cell than a typical omnidirectional antenna. Thus, many researches and developments on bidirectional antenna have been extensively conducted as reviewed in literature [6] [7] [8] [9] [10] [11] . From the aforementioned researches, it is evident that development of a bidirectional antenna that has suitable characteristics for a particular application is desired. Moreover, the low cost must be considered since the number of cell is very large. The bidirectional antennas using a linear probe excited circular ring was proposed [12] [13] [14] to serve these demands. Although the circular ring provides the slightly higher gain than the rectangular ring, its beamwidth cannot be easily adjusted due to the symmetrical structure. The rectangular ring antenna is very attractive to adjust the beamwidth following the applications by changing the ring width and ring height. Furthermore, the desired directivity is easily obtained by varying the ring length. This paper presents the radiation characteristic investigations of a bidirectional antenna using a probe-excited rectangular ring. The analysis includes the equivalent electric and magnetic current densities. In addition, the position of an excited probe that involves the modal distribution is comprised. Theoretically, there are many techniques to analyze the radiation from the aperture fed by probe in open literature [15] [16] [17] [18] [19] [20] [21] [22] [23] . Each method possesses its advantages and disadvantages. In this paper, the dyadic Green's function approach [22] [23] [24] [25] [26] [27] [28] [29] [30] is used to analyze the radiation characteristics of the proposed antenna since it is straightforward, and the closed form with physical insight is obtained. The rigorous analysis is expressed in detail.
This paper is organized as follows. Section 2 presents the theory of the antenna including the antenna structure and the derivation expressions. In Section 3, the normalized magnitude of the equivalent electric and magnetic current densities for various modal distributions are shown. The radiation characteristics as the function of antenna parameters are studied. Then, the antenna fabrication and measurement are performed. The experimental results are illustrated in Section 4. Finally, the conclusions are presented in Section 5.
THEORY
The proposed antenna consists of a linear electric probe of length l aligned along y direction at the position (x = s, y = −b/2, z = 0). The probe is surrounded by rectangular ring of width a, height b and length c, respectively. There are two apertures at the planes z = +c/2 and z = −c/2 respectively, as shown in Fig. 1 .
The rectangular ring is considered as a part of rectangular waveguide that is truncated at z = +c/2 and z = −c/2, where the reflection at the aperture of the waveguide ends is omitted. In this paper, the propagation direction and the piloting vector in z direction is assumed. In addition, the time convention e −jωt is used and suppressed, where ω = 2πf and f is the frequency. The scalar wave function solved by the method of separation of variables is [24] ψ ±z e o mn
where
The superscript ±z denotes the field radiations in +z and −z directions, respectively. The subscript e and o are an abbreviation for the even and odd functions, respectively. The vector wave functions, M emn and N omn , satisfy the vector Dirichlet boundary condition at the conducting wall (a n × M emn = 0 and a n × N omn = 0), where a n is the normal unit vector. The vector wave functions M emn and N omn represent the electric field of TE mn and TM mn modes, respectively. In the same manner, M omn and N emn are the vector wave functions that satisfy the vector Neumann boundary condition a n × ∇ × M omn ∇ × N emn = 0. Hence, they can be written as
and
Following the method of magnetic dyadic Green's function and applying the Ohm-Rayleigh method, the magnetic dyadic Green's function due to an electric source (G HJ (R, R )) that satisfies the dyadic differential equation is
δ R − R denotes the Dirac delta function, which is equal to 
where, κ 2 = mπ a 
By applying the contour integration, (6) becomes
The electric dyadic Green's function due to an electric source G EJ (R, R ) is obtained from the relationship
Then, we obtain
The electric field E R inside the ring with the probe excitation is determined by using
where G ± EJ (R, R ) is obtained from (10) and J(R ) is the electric current distribution along the probe. In this paper, the linear probe directed in y direction has a small diameter compared to the wavelength and the sinusoidal distribution is reasonably assumed as
where I m is the maximum current that is normalized to be unity and d is the diameter of the probe. Since the probe is oriented in y direction, hence only G 
Consequently, the electric field in x, y, and z components are
The equivalent magnetic current densities (M s ) at the two apertures are obtained from
The resultant equivalent magnetic current densities are
By following the same fashion, the magnetic field H R can be found from
where G HJ , after some mathematical manipulations, can be derived as
The magnetic field components are
Similarly, the equivalent electric current densities J s are
After the equivalent magnetic and electric current densities are readily obtained, the far-zone radiated field from a probe-excited rectangular ring antenna can be subsequently found by using radiation parameters from [31] . By neglecting mutual coupling and reflection at the edge of the ring and assuming that there is no reflection from the opposite aperture, a superposition of the fields from the two apertures can be applied. The fields radiated from the two apertures are combined with the same phase but in opposite directions. The resultant field can be written as follows
Consequently, the far-field radiation of the antenna can be expressed by substituting (37)-(40) into (34)-(35).
RADIATION CHARACTERISTICS
The total electric field is obtained from the summation of electric field distribution of a probe excited rectangular ring antenna as written in (20)- (22), (29)- (31) and (36). It should be pointed that considering the minimum number of summation terms of m and n, that provide efficiently accurate results for minimizing the running time of the computed results, is important. Therefore, the appropriate number of m and n for the numerical convergence should be obtained. Fig. 2 shows the number of summation m and n for various c. The criterion of convergence consideration is that the deviation of halfpower beamwidth of the antenna is less than 0.5 degree. Apparently, the number of summation m and n should be larger (m = 7 and n = 1) for the shorter c, due to the influence of the higher order modes. The number of summation m and n will be decreased to 1 and 0 respectively, for the larger c because the higher order modes are reduced rapidly. For the dominant mode (m = 1 and n = 0) the magnitude of current densities keeps almost constant (see Fig. 3 ). Thus, it is obvious that m = 7 and n = 1 will be used for all ring lengths. These values are used to obtain the characteristics of the antenna that are explicitly expressed hereafter. From the total fields of the antenna as shown in (36), it is obvious that the radiation characteristics of the antenna depend on the following parameters, i.e., probe position (s), probe length (l), ring width (a), ring height (b) and ring length (c). In this paper, the initial probe length is 0.25λ for the reason of good impedance matching. Since the cross-section of the antenna is the same as a rectangular waveguide, in this circumstance the ring width and ring height are chosen to be the dimension of a standard waveguide operating at the dominant mode. Thus, the ring width of a, and ring height of b = a/R are selected, where R is the ratio of a/b and R ≥ 1; in this paper R = 2 is used. The cut-off wavelength is obtained from [32] 
Thus, a choice of TE 10 mode is restricted in the range of λ 2 < a < λ. It is noted that a should be far away from the upper range to avoid higher modes. Thenceforth, a = 0.70λ and b = 0.35λ are selected, and these values are fixed throughout this paper. Accordingly, the antenna characteristics depend on the ring length.
Following (20)- (22) and (29)- (31), the equivalent current densities of the antenna are determined. It is revealed that a short ring length contains several modes in the vicinity of the probe and the evanescent waves of the higher order modes near the probe still have a considerable level at the aperture as shown in Fig. 3 . Furthermore, the TE 10 mode keeps the constant value for any z s (where z s is the distance of c/2 away from the probe position), whereas the higher order modes are lower as the further distance to the aperture. They reduce rapidly when z s = 0.75λ. In addition, it is found that some modes do not exist especially the modes with even m, that is different from those in the rectangular waveguide. However, the modes with even m are induced and strengthen when probe is shifted from the center (x = s = 0, y = −b/2, z = 0) whereas modes with odd m are decreased as shown in Fig. 4 . The dominant mode TE 10 is still stronger than the others. It should be noted that modal distribution inside a probeexcited rectangular ring antenna also has strong effect to the input impedance of the proposed antenna that is left for further study.
According to (34)- (40) in Section 2, the electric fields are plotted. Fig. 5 shows the radiation pattern of the antenna as a function of c. The radiation pattern of a single aperture in +z and −z directions at z s = ±c/2 is shown for the condition of the field that only radiates toward +z and −z directions and there is no coupling between the apertures. Then, radiation pattern from two apertures is displayed from the combination of a single aperture in +z and −z directions. It should be noted that the dummy load is terminated at the aperture of −z and +z directions for considering radiation pattern radiated from the aperture of +z and −z directions, respectively. The bidirectional pattern can be produced. It is observed that for the c shorter than 0.1λ, the radiated field is same as the pattern of a dipole antenna, viz., the E-plane pattern (φ = 90 • ) approaches figure of eight and almost omnidirectional pattern in H-plane (φ = 0 • ). Moreover, by increasing c, the pattern in E-plane is wider and then split. Then it becomes a bidirectional pattern with side lobes. The H-plane pattern has wider beam for the shorter c because the aperture separation affects the radiation patterns. In addition, the E-plane pattern has null and the H-plane pattern broadens at θ = 90 • due to the effect of the ring edge. It can be considered that the omnidirectional pattern of linear monopole (probe) is forced to radiate only in forward and backward directions to form bidirectional pattern.
In addition, the beam-peak direction of E-plane will be slightly tilted from z axis (θ = 0 • and θ = 180 • ) due to the influence of asymmetrical probe position at the upper and lower side (i.e., it is located at the lower side) as shown in Fig. 6 . It is found that a bidirectional pattern is obtained at c ≤ 0.6λ and will occur again with existed side lobe at c ≥ 1.25λ (for the beam peak directs +5 and −5 degrees tilted from z axis). Furthermore, in Fig. 6 , the half-power beamwidth in the E-plane and the H-plane have the opposite curve, viz., a wider beamwidth and a narrower beamwidth in E-plane and H- plane respectively, as the longer ring length except at c ≥ 1.3λ. These result to the directivity of the antenna that will be then described. Note that the narrow beamwidth is required for the high directivity. The directivity is a figure of merit that quantifies the antenna directive properties comparing with an isotropic antenna.
The maximum directivity is defined as the maximum radiation intensity of that antenna (U max ) over the radiation intensity of isotropic radiator (P rad /4π). The high radiation intensity with the low radiated power is required to enhance directivity. The maximum radiation intensity is obtained from combining of the maximum amplitude of electric field that radiates from +z and −z apertures as
The optimum ring length that provides the maximum directivity must be clarified. Fig. 7 shows the maximum directivity as a function of ring length when l = 0.25λ, a = 0.70λ and b = 0.35λ. In Fig. 7(a) , it can be seen that the maximum radiation intensity can be found at θ = 0 • and φ = 90 • by combining the square of magnitude of electric field aperture at +z (|E θ,+z | 2 ) and −z directions (|E θ,−z | 2 ) respectively, with the term of phase difference (ξ +z − ξ −z ) between +z and −z apertures, as defined by subscript +z and −z, respectively. Equation (42) shows that E φ has null in this direction. Therefore, only a component of E θ is shown in Fig. 7(a) . The term of phase difference has more impact on radiation intensity. Nevertheless, at the maximum intensity (c = 0.5λ), the radiated power is rather high. Hence the maximum directivity does not occur as in Fig. 7(b) . Furthermore, the mode distributions inside the ring also affect to the directivity; i.e., the shorter c provides the high magnitude of higher order mode, and the directivity is decreased. Furthermore, the aperture separation also influences to the directivity. As the results, the highest directivity of 4.60 dBi for c = 1.4λ is achieved because this length provides the narrower beamwidth with existed side lobe. However, for the bidirectional pattern with no side lobe, the appropriated ring length of 0.4λ provides the directivity of 4.43 dBi. For the compact size of antenna, the ring length of 0.4λ is chosen. 
EXPERIMENTS
To verify the calculated results by using the dyadic Green's function approach, the numerical results from Method of Moments (MoM) with the Rao-Wilton-Glisson (RWG) basis functions [33] and measured results are compared. It is noted that using RWG-MoM, the mutual coupling and reflection from the edges of ring is taken into account. However, the computation time for RWG-MoM is results, 4.47 times longer than that from the dyadic Green's function approach. One reason is that the closed form is not available for RWG-MoM. For the experiment, a prototype antenna was fabricated with the designed parameters as pointed in the previous section to operate at the operating frequency of 1.9 GHz. The ring was made of brass of 1 mm thickness with the dimension of the ring height equals 5.5 cm and the ring width equals 11.0 cm. The ring length is 6.3 cm. This structure was excited by a linear electric probe made of copper rod with the diameter of 2 mm. The probe length was 4.3 cm and was located at (x = s = 0.4 cm, y = −b/2, z = 0) for impedance matching. This probe was connected to a transmission line via an N type connector. The photograph of the fabricated antenna is shown in Fig. 8 . The radiation patterns of the antenna were measured by using an HP8720C Network Analyzer. the effect of mutual coupling and edge reflection that is neglected from the dyadic Green's function approach. Furthermore, the beampeak directions in E-plane from dyadic Greens function, RWG-MoM and measurement direct at 1, 1 and 3 degrees, respectively. For Hplane, the beam peak points at the same direction of 0 degree. In addition, the bidirectional pattern is achieved with the computed halfpower beamwidth in E-plane of 100 degree and H-plane of 69 degree from dyadic Green's function approach compared with the measured half-power beamwidth in E-plane and H-plane of 90 and 67 degrees respectively. The simulation from RWG-MoM provides half-power beamwidth in E-plane and H-plane of 106 and 70 degrees, respectively. Furthermore, it is found that at (θ = 0 • , φ = 90 • ) the gains of 4.43 dBi, 4.72 dBi and 4.40 dBi are yielded from the dyadic Green's function approach, RWG-MoM and measurement, respectively. It should be noted that the impedance characteristic is not aimed in this paper; however, the |S 11 | of the antenna was measured to clarify the matching condition as shown in Fig. 10 . It is found that |S 11 | is −21.5 dB (lower than −10 dB) at the operating frequency. The measured bandwidth (|S 11 | < −10 dB) and gain are 16% and 4.40 dBi, respectively.
CONCLUSIONS
This paper presents the investigations of a bidirectional antenna using a probe-excited rectangular ring by using the dyadic Green's function approach. The antenna characteristics depend on the probe length, ring width, ring height and ring length. In addition, the bidirectional patterns without side lobes are obtained for the appropriated ring length c from 0.10λ to 0.65λ. The side lobe is occurred when c ≥ 1.25λ. Furthermore, the beam-peak direction in E-plane is slightly tilted from z-axis because the probe position is not symmetry between the upper and lower sides of the ring. For H-plane pattern, the beam directs in +z and −z directions for any ring length of interest because of the symmetrical geometry in its plane. For the specified cross-sectional dimensions, the ring length is selected to achieve the optimum radiation pattern. Furthermore, the experiment was set up to verify the theoretical predictions. Apparently, the measured radiation pattern coincided with the calculated result except at around θ = 90 • due to the edge effect. The computed directivity of 4.43 dBi and measured gain of 4.40 dBi are obtained. The polarization of this antenna at the directions along the street cell (+z and −z directions) is linear because there is only one component of electric field. Although the sinusoidal current distributions, disregarded mutual coupling and omitted reflection at the edge of the ring is assumed, the experimental results provide the validity of the theoretical predictions.
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